Variations of the photoionization cross section of valence states as a function of interatomic distance are studied by means of atomic and solid-state density functional approaches and compared with photoemission data. In contrast to the free atom case, a series of Cooper minima is found for 4d, 5d, and 5f states in Pd, Ag, Au, and U metals. The discovered fundamental phenomenon is of high importance for the correct interpretation of photoemission data. 79.60.Bm The energy dependence of photoionization cross sections is a tool frequently used to identify contributions from different atomic states to valence-band photoemission (PE) spectra. Particularly useful is the appearance of phenomena such as Fano resonances [1] or Cooper minima (CM) [2] providing a strong enhancement or decrease of the PE signal from certain states. While the Fano resonance is a many-body effect caused by coupling of the direct PE channel with photoexcitations into localized intermediate states and subsequent autoionization, the CM represents a simple matrix element effect: Due to a node of the initialstate wave functions the transition matrix element into final states with oscillating free-electron-like wave functions becomes canceled. The behavior of the cross section around the CM depends strongly on the shape of the initial-state waves. Atomic calculations by Yeh and Lindau [3] (denoted YL in the following) provide the photoionization cross sections for all elements of the periodic table in a wide range of photon energies. Thereby, not more than one CM is found for any atomic shell considered.
The energy dependence of photoionization cross sections is a tool frequently used to identify contributions from different atomic states to valence-band photoemission (PE) spectra. Particularly useful is the appearance of phenomena such as Fano resonances [1] or Cooper minima (CM) [2] providing a strong enhancement or decrease of the PE signal from certain states. While the Fano resonance is a many-body effect caused by coupling of the direct PE channel with photoexcitations into localized intermediate states and subsequent autoionization, the CM represents a simple matrix element effect: Due to a node of the initialstate wave functions the transition matrix element into final states with oscillating free-electron-like wave functions becomes canceled. The behavior of the cross section around the CM depends strongly on the shape of the initial-state waves. Atomic calculations by Yeh and Lindau [3] (denoted YL in the following) provide the photoionization cross sections for all elements of the periodic table in a wide range of photon energies. Thereby, not more than one CM is found for any atomic shell considered.
In solids, however, valence states reveal much less pronounced Cooper minima than the related states in the free atoms [4] [5] [6] [7] [8] [9] . Additionally, CM in solids are shifted in energy and broadened as compared to their positions and widths in free atoms. These solid-state phenomena have been discussed primarily in terms of hybridization effects [4] [5] [6] [7] 9] . Another very important difference between free atoms and solids has been, however, completely ignored in the discussion so far: the different symmetry of atomic and solid-state wave functions. For free atom bound states, the amplitudes of the electron wave functions decay exponentially at large distance to the nucleus, and transition matrix elements are calculated by integration over the whole space. In a solid, periodic Bloch states are formed and for direct transitions all translationally equivalent Wigner-Seitz (WS) cells give the same contributions to the integral. This difference should heavily affect the conditions for the appearance of CM.
In the present Letter we show that the translational symmetry may cause a series of Cooper minima in solids instead of a single one known to exist in the free atom. We find experimentally the existence of more than one CM for 4d states of Pd and Ag metals and reproduce the phenomenon by atomic and solid-state density functional calculations. Similar effects are predicted for the 5d bands of Au metal. Particular attention is paid to the 5f states of U metal, where CM effects are found to superimpose the 5d ! 5f Fano resonance. We show that proper consideration of solid-state phenomena in PE cross sections is not only crucial for a correct identification of different valence-band contributions but is also important for the understanding of many-body phenomena in PE spectra.
The experiments were performed at the PM5 beam line of the Berliner Elektronenspeicherring für Synchrotronstrahlung (BESSY I). In order to avoid band structure or possible photoelectron diffraction effects, polycrystalline samples, which were prepared by in situ thermal deposition of about 500 Å Pd or Ag onto a Cu substrate at a pressure better than 2 3 10 28 Pa, were studied. Since polycrystalline solids do not have any preferential direction, the angular distribution of the Pd and Ag 4d PE is expected to be governed by Yang's theorem [10] . The influence of the asymmetry parameter was eliminated by recording spectra close to the so-called "magic" angle of 54.7
± between the axis of electron detection and polarization vector of the incoming photon beam. The spectra were taken in an angle-integrated mode using a hemispherical electronenergy analyzer with an acceptance angle of 614 ± . The light was at near-normal incidence to the sample, so that reflectivity corrections were negligible. The valence-band PE spectra of Pd and Ag metals were normalized to the total PE signal of the 3d bands of polycrystalline Cu metal measured in the same experimental setup [11] . For the Cu 3d states themselves no distorting CM-like cross-section variations in the photon-energy range of interest are expected from our model calculations.
We consider first the case of the 4d states of Pd, which show clearly bandlike behavior in solids. The numerical investigations are kept as simple as possible in order to focus the attention to the most essential point: the difference between atomic and solid situations. We adopt a single electron approximation in the calculation of the dipole matrix elements,
as was done in the original work by Cooper [2] . Here, c 4d is the single-particle wave function of the initial 4d state and c´f ,´p is the wave function of the outgoing electron with f or p character. The related energies are´4 d and´, respectively. The additional energy dependence of M 4d!´f,´p from the partial joint density of states is not considered in Eq. (1). Unlike [2, 3] , where Hartree-Fock wave functions were used, we employ the local density approximation (LDA) known to work well in the case of weakly correlated systems. For free atoms, the mentioned difference leads to a minor shift of the CM of the Pd 4d states from 115 [3] to 114 eV. A much more important difference from the previous works is that we now identify both the initial and the outgoing wave functions with Bloch states. This reduces the integral in Eq. (1) to an integral over the WS cell, times the number of cells, if only direct transitions are considered; further, in the atomic sphere approximation (ASA), the radial part of the dipole matrix elements is
Radial wave functions are obtained by outward integration of the Dirac equation at fixed energies´4 d E F (Fermi energy) and´, respectively, and matching to spherical functions at the WS cell radius, r ws . The scalar relativistic functions R 4d and R´f ,´p are defined in such a way that R 2 is equal to the average of j l 6 1͞2 radial densities. The result is not sensitive to variations of´4 d within the 4d bandwidth. The potential entering the Dirac operator is obtained from a relativistic linearized muffin-tin orbital (LMTO)-ASA-LDA calculation. In the following we refer to the described procedure as solid-state calculation. Alternatively, the potential is obtained from a relativistic free atom self-interaction corrected-LDA calculation, R 4d is a bound state atomic radial wave function, and R´f ,´p is the f or p component of an outgoing spherical wave. This approach we refer to as our atomic calculation.
PE intensity variations of the Pd metal valence-band signal measured close to E F [0. on the cross-section variations in the photon-energy range considered. In order to emphasize weak details in the region of high hn, the corresponding part of the 1.4-eV curve is also plotted with a magnification 5. As seen in the figure, the calculated atomic YL-CM at 115 eV has a counterpart in the experimental solid-state data. It is shifted, however, toward higher hn as was already observed in previous studies of Pd [6] and other transition [4, 5] and noble metals [6] . Besides this feature, which is the only minimum obtained from the atomic YL calculations [3] , another pronounced minimum is observed around 50 eV photon energy in the experimental data. In previous publications dealing with the Cooper-minimum phenomenon in transition and noble metals this energy range was usually not studied or only a small number of experimental points were taken [4] [5] [6] [7] that did not allow one to monitor the structure observed in the present experiment. To our knowledge, there are only a few studies where the low photon energy region was carefully investigated and a related feature was also detected [11, 12] . In these publications, the low-energy structure was simply assigned to general "solid-state effects" without deeper investigation of their origin.
The solid-state calculations performed in the present study show unambiguously that similar to the classic CM this experimentally observed structure is caused by the radial part of the dipole matrix elements, Eq. (2). The results of our matrix-element calculations for fcc Pd metal (r ws 1.52 Å) are shown in the bottom of Fig. 1 . In contrast to the YL data, the corresponding theoretical solid-state curve for the 4d !´f transition (solid line) reveals several minima at 65, 142, and 218 eV. The 4d !´p transitions (dotted line) are about 1 order of magnitude less intense than the 4d !´f transitions. The middle minimum of the solid curve in the bottom is located close to the energy of the conventional CM [3] , whereas another one lies in the region of the low-energy structure observed in the present experiment. Careful inspection of the experimental data in the region of high hn reveals an additional although rather weak feature, which is found near the third minimum calculated at 218 eV with the solid-state approach (see curves shown with magnification).
As a result all minima predicted by the solid-state calculations are found in the experiment. Deviations of the intensity between theory and experiment as well as fine structures in the region of the 50-eV minimum seen only in the experimental curves can be explained by contributions of states with other than 4d and´f angularmomentum characters to the experimental PE intensity and by the fact that the theoretical curve represents only the radial part of the dipole matrix element. We emphasize, therefore, that our present model calculations provide trustworthy data for only the number and energy positions of the solid-state CM. Extended calculations of M 4d!´f will be presented in a forthcoming publication. Here, we give only a transparent guide through the observed phenomena along a series of metals with 4d, 5d, and 5f valence states. To this end we follow the transition of the observed series of solid-state CM into the single CM in the gas phase by increasing the interatomic distances between neighboring Pd atoms. A comparison between theoretical solid-state results for r ws 1.52 Å and a model value r 0 1.95 Å (not presented) shows that the calculated Pd 4d minima are shifted toward lower hn in the expanded solid. Thereby the middle minimum approaches the position of the classic Cooper minimum of the free atom (YL-CM). We underline, however, that by several solid-state calculations (1.52 , r 0 , 1.95 Å)
we obtained a series of CM. Since further expansion of the solid is treacherous within the LMTO-ASA-LDA approach, the matrix elements for larger interatomic distances were estimated using atomic calculations setting the integration limit, r 0 , at increasing distances from the core [13] . Results of our atomic calculations for r 0 1.52 Å are shown at the top in Fig. 1 . As is evident from the figure, our atomic and solid-state approaches are virtually equivalent. The atomic calculations reveal three minima as well, which are slightly shifted, however, toward higher hn as compared to their positions derived from the solid-state calculation.
The evolution of the CM with r 0 as obtained from our atomic approach is shown in Fig. 2 . The observed behavior is evidently characterized by some kind of periodicity. At small distances, a series of discrete CM is obtained that move to lower energies with increasing r 0 and disappear abruptly below a certain energy hn. In the region between 120 and 160 eV photon energies, the individual CM split into two components, from which the stronger one joins the previous lower lying CM, while the weaker component merges in the next higher lying one. At large distances, the CM at high hn become less and less pronounced, and only in the region of merging a broad minimum remains, which corresponds to the classic CM obtained for the free atom [3] . The reason for the observed periodic behavior is The presented combination of the solid-state and atomic calculations allows one to understand the mechanism of the CM in solids. It shows also that our atomic approach can be successfully used for a simple express analysis of the CM behavior in solids. Corresponding results of our atomic calculations of squared dipole matrix elements for another 4d metal, Ag, and a 5d metal, Au, are shown in the inset in Fig. 1 . Two CM observed theoretically both for Ag and Au metals at 60-80 eV and 150-160 eV are in good agreement with previously published experimental results [11, 12] , as well as with our own experimental data taken for the 4d states of Ag.
The appearance of more than one CM can also be expected for 5f states of solid U systems that reveal to a certain degree bandlike properties [14] . Results of solid-state calculations for the 5f states of hcp U metal are shown in Fig. 3 . In contrast to the free atom YL calculation that yields only one CM at 210 eV, our solid-state approach gives for hn , 350 eV two CM at about 90 and 265 eV photon energies. It is important to note that the low lying CM appears in a photon energy range immediately below the U 5d ! 5f threshold (see inset in Fig. 3 ). This fact has severe consequences for the quantitative interpretation of resonant PE data taken at this threshold in U systems: Until now, an experimentally observed drastic decrease of the U 5f PE intensity in the region of hn 90 94 eV has exclusively been attributed to the 5d ! 5f Fano antiresonance [15] . From the depth and position of the antiresonance the Fano asymmetry parameter can be derived, which in turn allows one to draw conclusions about the localization of the 5f wave functions. With the new mechanism in mind these conclusions will possibly have to be revised.
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